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Introduction
Autophagy is a catabolic process by which proteins and organelles are sequestered within doublemembrane vesicles called autophagosomes. When matured, the autophagosomes fuse with lysosomes wherein their content is degraded, generating amino acid and lipid-building blocks that are recycled for cellular metabolic needs. mTOR, a molecular sensor of cellular energy and nutrients, limits autophagy induction when nutrients are abundant to levels sufficient for maintaining intracellular homeostasis and protein turnover. This is achieved by phosphorylation and inhibition of the Ulk1 complex, necessary for the first stages of initiation of the isolation membrane. Upon nutrient deprivation such as amino acid starvation, mTOR is inactivated, its inhibitory effect on the Ulk1 complex is removed and autophagy is induced. The Ulk1 kinase in turn activates the Vps34 PI3K complex to generate PI3P, which in turn recruits additional autophagy-related (ATG) proteins to the site of membrane formation. Membrane elongation and fusion are mediated by the consecutive action of two Original Symposium ubiquitin-like conjugation schemes, culminating in the lipidation of LC3 [1] .
Apoptosis is a programmed cell death executed by caspases in extrinsic or intrinsic pathways. The extrinsic apoptotic pathway is activated by death receptors on the cell surface that bind ligands such as TNF and TRAIL, leading to formation of the DISC (death-inducing signalling complex). This results in activation of the initiator caspase-8, which in turn, activates caspase-3 and caspase-7 to cleave a variety of protein targets in the cell [2, 3] . The intrinsic pathway is initiated by intracellular stimuli, such as DNA damage and growth-factor deprivation. Upon apoptotic stimuli, pro-apoptotic Bax and Bak undergo dimerization and permeabilize the outer mitochondrial membrane. This leads to cytochrome C release into the cytosol, where it triggers formation of the apoptosome complex, which recruits and activates caspase-9. Once activated, caspase-9 activates the effector caspase-3. Caspases are controlled by inhibitor of apoptotic proteins (IAP), which bind to and physically inhibit caspases, thus suppressing cell death [2, 4, 5] .
As autophagy and apoptosis are two main mechanisms that are crucial for cell fate, to cope with a given stress in the most efficient way, a cell needs to tightly regulate and time the different stress reactions. Although the two machineries of apoptosis and autophagy are distinct from each other, they intersect at multiple levels and are coordinated to determine if a cell strives to survive or if it executes the death plan [3, 5] . Globally, autophagy can sensitize cells to apoptosis by targeted degradation of anti-apoptotic proteins such as the Drosophila IAP homologue dBruce [6] or FAP-1, a phosphatase that inhibits Fas signalling [7] . The autophagosome can also serve as a platform for caspase-8 activation and/or intracellular DISC formation [8] [9] [10] [11] . Conversely, autophagy and apoptosis can each suppress the other through autophagosome-mediated degradation of proapoptotic factors [12] and caspase-mediated cleavage of autophagy proteins [13] [14] [15] [16] [17] . Another type of crosstalk involves proteins with dual functions that can regulate both apoptotic and autophagic machineries. For example, the anti-apoptotic Bcl-2 protein can bind and inhibit Beclin 1, a key regulator of Vps34 [18] . Likewise, the proapoptotic BH3-only family member BimEL interacts with Beclin 1 in a complex with LC8 at the microtubules, leading to autophagy inhibition [19] . Conversely, the autophagy protein Atg12 can bind anti-apoptotic Bcl-2 family proteins through its BH3-like domain, thus enabling caspase activation under various stresses [20] .
This crosstalk between apoptosis and autophagy is particularly important during extreme conditions of prolonged starvation. Whilst autophagy compensates for loss of nutrient and energy during short periods of starvation and is therefore critical for cell survival, at some point, as the stress continues, the cell undergoes a programmed cell death response. In this work, we explored how and when a cell 'decides' to die when the stress is too much to cope. We examined the temporal dynamics and the mechanisms of the crosstalk between autophagy and apoptosis during prolonged nutrient starvation. We identified three apoptotic genes responsible for the switch between autophagy and apoptosis that undergo a change in their mRNA and protein expression. One of them, BimEL, is also regulated at the level of protein stabilization due to changes in binding to its specific E3 ligase, bTrCP.
Materials and methods
Cell culture and induction of cell stress A549 and H1299 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) or RPMI (Biological Industries, Beit Haemek, Israel), respectively, supplemented with 2 mmol L À1 glutamine (Gibco, Thermo Scientific, Rockford, IL, USA), 100 U mL À1 penicillin and streptomycin (Gibco, Thermo Scientific, Rockford, IL, USA) and 10% foetal bovine serum (HyClone, GE Healthcare Life Sciences, Logan, Utah, USA). DMEM was also supplemented with 0. 5 EDTA, 100 mmol L À1 KCl, 20 mmol L À1 HEPES pH 7.6, 20% glycerol) supplemented with protease and phosphatase inhibitors. Protein extracts were precleared with protein G-agarose beads (Santa Cruz Biotechnology) and then incubated with anti-HA conjugated beads (Sigma-Aldrich) for 2 h at 4°C. Immunoprecipitants were washed three times with the lysis buffer, and the protein was eluted from the beads with an excess of HA peptide (SigmaAldrich) and subjected to Western blotting.
Fluorescence-activated cell sorting (FACS) analysis
For cell cycle analysis, medium was collected with detached cells, and the attached cells were trypsinized. All cells were washed with ice-cold PBS. Cells were fixed in cold methanol for 30 min, washed with PBS and incubated 30 min on ice. The supernatant was removed, and cells were then resuspended in PBS containing 25 lg mL À1 propidium iodide (PI) and 50 lg mL À1 RNase. Samples were analysed by flow cytometry using a FACS sorter (LSRII cell analyser). Approximately 4 9 10 4 cells were collected from each sample, and data were analysed using image analysis software (FACSDiva 6.1.3).
mRNA expression analysis A549 cells were starved for nutrients using EBSS for 4, 24, 48 and 72 h. RNA was purified using RNeasy Plus minikit (Qiagen). cDNA were reversetranscribed with SuperScript II (Invitrogen), and real-time PCR was performed with TaqMan gene expression assays on StepOnePlus (Applied Biosystems, Life Technologies) according to the manufacturer's instructions. The Taqman assay IDs were as follows: BIRC3-Hs00154109_m1 (cIAP2), BIRC5-Hs00977611_g1 (survivin), BCL2L11-Hs01076940_m1 (Bim). Assays were performed in triplicates, normalized to GAPDH, and analysed according to the DDCt method. Data are representative of three different experiments.
Transmission electron microscopy A549 cells were either grown in DMEM or starved with EBSS for 4, 48 and 72 h. Cells were fixed with 2.5% paraformaldehyde and 2% glutaraldehyde in 0.1 mol L À1 cacodylate buffer containing
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5 mmol L À1 CaCl 2 (pH 7.4). Cells were then fixed in 1% osmium tetroxide supplemented with 0.5% potassium hexacyanoferrate tryhydrate and potassium dichromate in 0.1 mol L À1 cacodylate (1 h), stained with 2% uranyl acetate in water (1 h), dehydrated in graded ethanol solutions and embedded in Agar 100 epoxy resin (Agar scientific Ltd., Stansted, UK). Ultrathin sections (70-90 nm) were viewed and photographed with a FEI Tecnai SPIRIT (FEI, Eindhoven, Netherlands) transmission electron microscope operated at 120 kV and equipped with an Eagle CCD camera.
In-gel proteolysis and mass spectrometry analysis
The proteins in the gel were reduced with 3 mmol L À1 DTT (60°C for 30 min), modified with 10 mmol L À1 iodoacetamide in 100 mmol L À1 ammonium bicarbonate and digested in 10% acetonitrile and 10 mmol L À1 ammonium bicarbonate with modified trypsin (Promega) at a 1:10 enzymeto-substrate ratio, overnight at 37°C. The tryptic peptides were desalted using C18 tips (home-made STAGE tips), dried and resuspended in 0.1% formic acid. The resulting tryptic peptides were resolved by reverse-phase chromatography on 0.075 9 200 mm fused silica capillary (J&W) packed with Reprosil reversed-phase material (Dr Maisch GmbH, Germany). The peptides were eluted with a linear 30 min gradient of 5% to 28% acetonitrile with 0.1% formic acid in water, 15 min gradient of 28-95% acetonitrile with 0.1% formic acid in water and 15 min of 95% acetonitrile with 0.1% formic acid in water at flow rates of 0.15 lL min
À1
. Mass spectrometry was performed by a Q-Exactive plus mass spectrometer (Thermo) in a positive mode using repetitively full MS scan followed by high-energy collision dissociation (HCD) of the 10 most dominant ions selected from the first MS scan.
The mass spectrometry data were analysed with Proteome Discoverer 1.4 software using Sequest (Thermo) algorithm searching against the human Uniprot database. Results were filtered with 1% false discovery rate. The position of the phosphorylation in the peptide was validated with the phosphoRS tool. The relative quantities of the phosphopeptides were determined using the peak area calculation based on its extracted ion currents (XICs).
Statistical analysis
The statistical significance of differences between means was assessed by two-tailed Student's t-test. Values of P < 0.05 were considered significant.
Results

Prolonged nutrient deprivation leads to apoptosis
We focused on cell systems in which prolonged nutrient starvation induced a switch from prosurvival autophagy to apoptotic cell death. To follow the temporal dynamics of the two processes during prolonged nutrient deprivation, A549 cells were cultured in EBSS medium depleted of serum and amino acids (starvation) for 72 h. Autophagy was induced in these cells to maximal levels after 2h starvation, as measured by LC3 lipidation, and was further maintained at these levels for the next 24 h, followed by a slight reduction from 48 h and on (Fig. 1a, left) . The increase in lipidated LC3 levels following short starvation periods reflected enhanced autophagic flux, and not stalled degradation at the autolysosomal stage, as addition of the lysosomal inhibitor bafilomycin A1 further enhanced the accumulation of LC3-II (Fig. 1b) . The decrease in LC3 lipidation at later time-points followed a sharp decline in the expression levels of ULK1 protein, an essential autophagic regulator, whilst Beclin 1 protein levels displayed only a moderate slow decline (Fig. 1c) . Conversely, activation of caspase-3 by proteolytic processing was detected at 48 h and 72 h of starvation, suggesting a 'switch' to apoptosis at these late time-points (Fig. 1a, left) . H1299 cells showed a similar inverse dynamics between autophagy and apoptosis, with the exception that the reduction in LC3 lipidation was sharper and occurred earlier, concomitant with earlier activation of caspase-3 (24 h, Fig. 1a, right) . Cell cycle distribution analysis of A549 cells showed a gradual arrest at the G1 phase, at the expense of S and G2/M phases, which already started at 4 h of nutrient deprivation. This was followed by the appearance of sub-G1 population at 48-72 h of starvation. The sharp increase in the number of cells with sub-G1 DNA content is supporting evidence for the presence of apoptosis (i.e. apoptotic cells with fragmented DNA) and the dynamics of its activation (Fig. 1d) . However, quantitation of the sub-G1 population is likely to be an underestimate of the degree of apoptosis in the total cell population, as due to technical limitations of the assay, many dead cells were excluded from the analysis.
autophagosomes accumulated in the cell (Fig. 2b,  white arrows) . However, the number of autophagosomes declined at 48 h and 72 h, and cells with characteristics of apoptosis were observed instead (Fig. 2c,d) , including rounded cells with shrunken cytoplasm, membrane blebbing (double black arrows), chromatin condensation (black arrows) and fragmented nuclei (Fig. 2d , upper left panel, note fragments of nuclear content within blebs). Interestingly, cells starved for 48 h and 72 h also exhibited a high number of lipid droplets (Fig. 2c,d , white arrowheads). A reciprocal crosstalk between autophagy and lipid biosynthesis was previously described where on the one hand, lipid droplets are regulated and degraded by autophagosomes, and on the other hand, the overall autophagic process is regulated by the synthesis of lipid droplets [21, 22] . Consistent with these works, when autophagy decreased at 48 h and 72 h of starvation, lipid droplets accumulated in the cell. It should be noted that at 72 h, a small number of cells displayed features characteristic of autosis, including convoluted nuclei, swollen ER and dilated perinuclear space at discrete regions surrounding the inner nuclear membrane (e.g. Fig. 2d, lower panel) . These cellular features are consistent with a previous report [23] , implying that during prolonged nutrient starvation a small fraction of cells switches towards another form of cell death characteristic of autosis.
Defining the protein signature of the switch from autophagy to apoptosis
To further explore the repertoire of the molecular mechanisms that activate apoptosis during prolonged amino acid starvation, the expression levels of a panel of apoptosis proteins were examined in a few cell lines that undergo the autophagy/apoptotic switch. Three critical apoptosis-related proteins exhibited a change in their steady-state levels from 24 h of nutrient deprivation and on. As seen in Fig. 3a for A549 and H1299 cells (top panels), the two anti-apoptotic IAPs, survivin and cIAP2, specifically declined below detection levels, whilst the expression levels of another abundant IAP, XIAP, remained unchanged. In parallel, the expression levels of the pro-apoptotic BH3-only protein BimEL, which is the most abundant isoform translated amongst three alternatively spliced Bim mRNAs [24] , increased from 24 to 72 h of starvation. Here too the effect was found to be selective, as another BH3-only protein, Bid, did not change at these time-points. Caspase-3 activation at these late time-points was accompanied by ICAD degradation. Similar reductions in survivin and cIAP2 proteins and an increase in BimEL protein were detected in amino acid-starved HeLa cells concomitant with caspase-3 activation (Fig. 3a,  bottom left panel) . In contrast, in HEK293 cells, which reach high confluency under prolonged starvation with no signs of caspase activation or apoptosis, these changes in protein levels were not observed (Fig. 3a, bottom right panel) . Thus, these specific changes correlate well with the induction of apoptosis, defining a 'protein signature' of the switch from autophagy to apoptosis. Examination of the mRNA expression of survivin and cIAP2 by real-time PCR revealed a strong decline in mRNA levels from 24 h of starvation, suggesting that this may be the main cause for the reduction in the corresponding proteins (Fig. 3b) . BimEL mRNA levels, in contrast, were increased at the same time-points, which may partially be responsible for the increase in the protein levels (see below).
To test the functional contribution of BimEL upregulation to apoptosis induction, BimEL was ectopically expressed in H1299 cells under basal growth conditions, and caspase-3 cleavage was assessed (Fig. 3c) . As expected, BimEL is a very potent pro-apoptotic protein, and transfection with low plasmid levels induced strong caspase-3 activation. A Bim mutant, L152E, F159E (BimEE) that harbours a deficient BH3 domain and thus fails to bind to Bcl-2 [19] , did not induce apoptosis beyond the basal levels of cleaved caspase-3, caused by the toxicity of the transfection. Thus, the increase in endogenous BimEL in prolonged starvation may be a central cause for the switch to apoptosis. BimEL protein is stabilized during prolonged starvation through inhibition of its binding to bTrCP BimEL is a short-lived protein known to be subjected to regulated proteasome-mediated degradation. Therefore, BimEL's protein stability was examined, to determine whether the increase in BimEL protein expression in prolonged starvation could be caused by its stabilization, in addition to elevations in its mRNA expression. To this end, the effect of the proteasomal inhibitor MG132 on BimEL protein steady-state levels was examined before and during starvation. MG132 significantly stabilized the protein levels of BimEL under both basal growth conditions and after 4 h of starvation (Fig. 4a) . In contrast, at 24 h and 48 h of starvation, the proteasome inhibitor had little effect, suggesting that BimEL is not exposed to proteasome-mediated degradation at these timepoints. The F box protein bTrCP is one of the E3 ligases that mediate BimEL degradation by the proteasome [25] . When H1299 cells were depleted of bTrCP, BimEL protein levels increased under basal growth conditions and after 4 h of starvation, confirming that bTrCP is the relevant E3 ligase responsible for BimEL's degradation at these timepoints. However, at 24 h of nutrient deprivation, BimEL's levels were not influenced by bTrCP KD (Fig. 4b) . This indicates that BimEL protein turnover is mediated by bTrCP and the proteasome under normal conditions and during short periods of starvation, but this mechanism no longer regulates BimEL protein levels during prolonged starvation.
The degradation of BimEL through binding to bTrCP has previously been shown to be tightly controlled by BimEL phosphorylation. ERK1/2 phosphorylates Ser69 of human BimEL [26, 27] , which serves to prime additional RSK-mediated phosphorylation at Ser93/94/98 within BimEL's degron site [25] . Phosphorylation of the degron leads to BimEL's binding to bTrCP and its consequent degradation by the proteasome. To assess whether alterations in the phosphorylation state of BimEL contributes to its differential stability during short and prolonged starvation, H1299 cells were co-transfected with FLAG-tagged bTrCP and the mutant HA-tagged BimEE (to avoid massive killing). As expected, bTrCP co-immunoprecipitated with BimEL (Fig. 5a) . Furthermore, Western blotting with specific anti-phospho antibodies indicated that BimEL was phosphorylated at Ser69.
Significantly, co-immunoprecipitation of bTrCP and BimEL was reduced after 24 h of starvation (Fig. 5b) . Moreover, phosphorylation of Ser69 and Ser93/94/98 was reduced at 24 h. The decreased phosphorylation and resulting decreased interaction with bTrCP can explain why BimEL is no longer subjected to proteasomal degradation during prolonged starvation, leading to its accumulation and the induction of apoptosis. The reduction in Ser69 phosphorylation was further confirmed by mass spectrometry analysis (Fig. 5c) . Interestingly, the mass spec analysis also revealed a significant decrease in the phosphorylation at Ser87 during prolonged nutrient starvation (Fig. 5d) . This site, which is phosphorylated by Akt when growth factors are abundant [28] , regulates the apoptotic function of BimEL by promoting BimEL binding to 14-3-3 at the expense of Bcl-2, thus promoting cell survival. Hence, during prolonged nutrient deprivation BimEL may be regulated at the functional level as well. 
Discussion and conclusion
Autophagy and apoptosis play a central role in deciding cell fate, and the crosstalk between them is often critical to determine which process dominates. Yet, a little recognized aspect to cell fate decision is that it is a dynamic process, which can change even with a single stimulus. Nutrient starvation is one such example; whilst initially the cell undergoes an autophagic response to promote cell survival, at some point, presumably when the cell stress has reached a certain threshold whereby autophagy can no longer compensate, the cell evokes a switch, in which autophagy is shut down and apoptosis is activated. Our results indicate that in multiple cell lines, autophagy, assessed by monitoring LC3 lipidation and by transmission electron microscopy, and apoptosis, assessed by monitoring caspase-3 activation, cell morphology and accumulation of sub-G1 population of DNA, occur with inverse dynamics. Analysis of protein expression indicated several factors that may contribute to the shutdown of autophagy and the induction of apoptosis, respectively. Expression levels of the main autophagy regulator ULK1 decreased with prolonged starvation. This is consistent with previous findings in which prolonged starvation led to ULK1 ubiquitination by the Cul3-KLH20 ubiquitin ligase, and subsequent proteasome-mediated degradation [29] .
The regulation of apoptosis induction on the other hand was somewhat more complex, involving decreases in two members of the IAP family, cIAP2 and survivin, and increases in pro-apoptotic BimEL. Further analysis indicated a significant decrease in mRNA levels of both survivin and cIAP2 during prolonged starvation. In fact, survivin expression levels are mainly controlled by transcription regulation, positively regulated by the PI3K-Akt-p70S6K pathway [30, 31] and repressed by various molecules, including p53 [32] and BRCA1 [33, 34] . The importance of the contribution of the IAP family to the regulation of apoptosis during prolonged starvation is underscored by the finding that decreases in survivin and cIAP2 were observed in multiple cell lines that activated the switch to apoptosis. In these same cell lines, XIAP levels did not change significantly. Notably, XIAP protein levels were shown to decrease in a panel of breast cancer cell lines, but not lung cancer cells, during prolonged starvation and serum deprivation, although the mechanism was shown to involve protein destabilization [35] . Interestingly, simultaneous knock-down of survivin and cIAP2 was not sufficient on its own to trigger apoptosis, but rather accelerated the switch to apoptosis as early as 2 h of starvation (data not shown). Thus, their role in regulating the apoptosis switch is a partial one.
Our work also identified BimEL as an important factor regulating the switch from autophagy to apoptosis. BimEL is a major player in initiating the intrinsic apoptotic pathway under many physiological and pathophysiological conditions [36] and has also been shown to regulate autophagy by sequestration of Beclin 1 to microtubules [19] . As such, its expression levels and function are tightly regulated at multiple levels. A central arm of BimEL's regulation involves its phosphorylation in response to growth factors and cytokines, directly affecting BimEL stability and apoptotic function [37, 38] . We identified three possible mechanisms by which BimEL is upregulated/activated by prolonged starvation. First, Bim's mRNA levels were increased, implying transcriptional regulation. The FoxO3A transcription factor has previously been shown to be essential for the transcriptional activation of Bim [39, 40] . Importantly, it was reported that inhibition of both mTOR and MEK/ERK pathways leads to nuclear accumulation and activation of FoxO3a [41] . As both of these pathways are turned off by nutrient and serum starvation, it is likely that FoxO3a-mediated transcription contributes to upregulation of Bim in our system. Secondly, we found that under basal growth conditions or short periods of starvation (e.g. 4 h), BimEL is phosphorylated at Ser69 and Ser93/94/98. This phosphorylation, previously shown to be driven by ERK and RSK, leads to binding to its E3 ligase bTrCP, and to its subsequent degradation by the proteasome, as reported by Dehan et al. [25] . However, at 24 h of prolonged nutrient deprivation, phosphorylation at these residues declined, leading to a reduced interaction between BimEL and bTrCP and to stabilization and accumulation of the protein, resulting in apoptosis. The apoptotic function of BimEL may also be concomitantly upregulated during prolonged starvation through a reduced phosphorylation at Ser87, which was previously shown to upregulate the apoptotic function of BimEL, representing a third possible mechanism regulating Bim during prolonged starvation [28] . As overexpression of BimEL was sufficient to trigger apoptosis in nutrient-rich medium, we conclude that BimEL is an important contributor to the molecular switch between autophagy and apoptosis. Yet, knockdown of BimEL did not block apoptosis induction during prolonged starvation (data not shown), indicating that its contribution to the process is partial. Therefore, it is likely that the switch to apoptosis is regulated at multiple levels and that the combination of changed expression in all three proteins, survivin, cIAP2 and BimEL, drives the induction of apoptosis in this system. Further investigation is required to definitively prove whether the growth-factor-induced kinase signalling that has been linked to changes in expression and/or stability of these proteins, as discussed above, is in fact directing the apoptosis switch in the cell lines examined in this paper, and conversely, whether they are aberrant in HEK293 cells, which do not activate the apoptosis switch during prolonged starvation.
The inverse relationship between apoptosis and autophagy and the switch between the two pathways might be relevant to several pathophysiological conditions where the cross-interactions between these processes have been documented. One example involves diabetic cardiomyopathy, in which autophagy is suppressed and apoptosis activated within cardiomyocytes, leading to loss of ventricular function, a major contributor to mortality in diabetic patients [42] . High glucose levels suppressed autophagy, both in cultured cardiac myoblast cells and in diabetic mouse models, resulting in apoptotic cell death. In both experimental systems, apoptosis could be prevented by activation of autophagy with metformin, an activator of AMPK [43] . Thus, manipulation of the switch that turns on autophagy and suppresses apoptosis is a promising direction for the treatment of diabetic cardiomyopathy. The link of autophagy to cancer highlights another aspect of the autophagy/apoptotic switch. Many types of cancer cells become addicted to autophagy, as it plays a prominent role in providing for the cell's increased metabolic demands resulting from a high proliferation rate and an inadequate supply of nutrients, especially in a tumour's hypoxic core [44] . Autophagy also contributes to various tumour cell's resistance to radiation and chemotherapy [45] . It would be therapeutically beneficial in these scenarios to activate the switch to shut off autophagy and turn on apoptosis. Thus, our study is important as a first step in understanding the dynamics and regulation of the autophagy/apoptosis transition. It remains to be determined whether there is a master regulator that ultimately controls the on and off switches, driving the expression changes in both autophagic and apoptosis proteins, or whether they are independent but coordinated events.
